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Abstract MIC-3 is a recently identified gene family
shown to exhibit increased root-specific expression fol-
lowing nematode infection of cotton plants that are resis-
tant to root-knot nematode. Here, we cloned and sequenced
MIC-3 genes from selected diploid and tetraploid cotton
species to reveal sequence differences at the molecular
level and identify chromosomal locations of MIC-3 genes
in Gossypium species. Detailed sequence analysis and
phylogenetic clustering of MIC-3 genes indicated the
presence of multiple MIC-3 gene members in Gossypium
species. Haplotypes of a MIC-3 gene family member were
discovered by comparative analysis among consensus
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sequences across genotypes within an individual clade in
the phylogram to overcome the problem of duplicated loci
in the tetraploid cotton. Deficiency tests of the SNPs
delimited six Ai-genome members of the MIC-3 family
clustered to chromosome arm 4sh, and one D;-genome
member to chromosome 19. Clustering was confirmed by
long-PCR amplification of the intergenic regions using
A-genome-specific MIC-3 primer pairs. The clustered
distribution may have been favored by selection for
responsiveness to evolving disease and/or pest pressures,
because large variants of the MIC-3 gene family may have
been recovered from small physical areas by recombina-
tion. This could give a buffer against selection pressure
from a broad range of pest and pathogens in the future. To
our knowledge, these are the first results on the evolution of
clustering and genome-specific haplotype members of a
unique cotton gene family associated with resistant
response against a major pathogen.
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Introduction

A cotton gene, MIC-3, was found to exhibit root-specific
expression in root-knot nematode (RKN)-resistant plants
during nematode infection (Callahan et al. 1997; Zhang
et al. 2002). Callahan et al. (2004) demonstrated that MIC-3
protein accumulation was positively correlated with RKN
resistance in selected cotton lines. Wubben et al. (2008)
showed that MIC-3 is a multigene family and associated
with a root-specific defense-response mechanism that is
independent of other well-known pathways such as gossy-
pol biosynthesis, lipid peroxidation and PR10 expression in
cotton. Both of the studies indicated that MIC-3 expression
occurs only in cotton roots and lacks similarity at the
sequence level with any other genes of other plant species.
If MIC-3 can be shown to have a functional role in RKN
resistance, then characterization of MIC-3 genetic variants
should help in revealing the genetic mechanisms underly-
ing the RKN defense-response mechanism in cotton. This
will facilitate development of ‘candidate’ gene marker(s)
for MIC-3 genes and marker-assisted selection. Given that
nucleotide changes in MIC-3 coding or regulatory regions
could have functional significance, characterization of
MIC-3 genetic variants in different diploid and tetraploid
cotton species should reveal underlying genetic mecha-
nisms, origin and evolutionary history of the MIC-3 family.
Given the uniqueness of the MIC-3 gene family and
apparent exclusive occurrence in Gossypium (Callahan et al.
1997; Zhang et al. 2002; Wubben et al. 2008), it seems
especially important to determine MIC-3 gene position(s)
and structure(s) as well as their complexities in G. hirsutum
(2n = 52). A common AD 26-chromosome haploid genome
structure is shared by the five extant Gossypium species,
G. hirsutum, G. barbadense (also cultivated), G. romentosum
(wild species endemic to Hawaii), G. mustelinum (wild
species of Brazil) and G. darwinii (wild species endemic to
Galapagos Islands). All are partially diploidized evolution-
ary derivatives of a nascent new world tetraploid
(2n = 4x = 52) that arose about 1-2 million years ago
(Beasley 1940, 1942; Wendel and Cronn 2003). Their ori-
gins entailed formation of a tetraploid hybrid between an
old world taxon similar to the extant ‘A-genome’ species
G. herbaceum and G. arboreum (2n = 2x = 26), with a
taxon of the ‘D-genome’ group related to the new world
species G. raimondii Ulbrich (2n = 2x = 26). The five
extant 2n = 52 species are thus disomic and have AD
haploid genomes dubbed [AD];, [AD],, etc., whereas the 45
extant diploid species are 2n = 26, with haploid genomes
falling into eight groups A to G and K that relate to meiotic
behavior, dissimilarity and geographic distribution.
Single-nucleotide polymorphism (SNP) at specific
nucleotide positions is considered to be an efficient diag-
nostic marker for candidate genes and reported to be the most

@ Springer

abundant and highly polymorphic marker. The identification
of SNPs is generally done via sequencing of genes in mul-
tiple related organisms and can be complicated by similari-
ties between orthologous loci and, in disomic polyploids,
paralogous loci. Disomic tetraploids such as cotton normally
contain two divergent paralogous copies of each gene (one
per subgenome). In cotton, such sequence differences that
trace phylogenetically to the ancestral A- or D-genome can
be dubbed genome-specific polymorphisms or GSPs (Yang
et al. 2006). Frequently, SNPs from a gene can be grouped
into haplotype blocks, so that each haplotype can be tagged
by a selected subset of unique SNPs. We have reported and
used specific strategies to discover and map several SNP
markers associated with different fiber genes in tetraploid
cotton (An et al. 2007, 2008; Hsu et al. 2008). We showed
that the delineation of SNP-SNP associations and haplo-
types which increased the resolution and discovery of mul-
tiple alleles at a specific genomic location.

Here, we report SNP discovery to delineate haplotypes
of the MIC-3 gene family, describe the family members in
selected diploid and tetraploid cotton species, chromo-
somally localize the MIC-3 loci and document clustering of
different members of the MIC-3 gene family.

Materials and methods
Plant materials and DNA extraction

DNA samples were extracted from young leaves of four
disomic tetraploid (2n = 52) and three diploid (2n = 26)
species using the DNeasy Plant Mini Kit (Qiagen, Santa
Clarita, CA), following the manufacturer’s protocol. The
materials included individual plants of ‘3-79 (doubled-
haploid) line of G. barbadense ([AD], genome), G. tomen-
tosum ([AD]; genome) and G. mustelinum ([AD], genome),
and nine lines of G. hirsutum ([AD], genome), including
moderately to highly RKN-resistant lines: Clevewilt, M240
and M315, and G. hirsutum lines Golib, ST 215, M8, TM-1,
susceptible isoline (Sisoline) and one red mutant line
(REDM).

We used deficiency testing to delimit chromosomal
locations of MIC-3 family members, by screening poly-
morphisms against a panel of monosomic and monotelodi-
somic interspecific G. hirsutum x G. barbadense F1 hybrids
following the overall methods of An et al. (2008). Each
hypoaneuploid hybrid lacked a specific maternal (G. hirsu-
tum) chromosome or chromosome arm and rendered hemi-
zygous the respective chromosome or arm of G. barbadense.
Each monotelodisomic hybrid was deficient for all or part of
the G. hirsutum chromosome arm 1Lo (long arm), 2Lo, 2sh
(short arm), 3Lo, 3sh, 4sh, 4Lo, 5Lo, 6Lo, 7Lo, 7sh, 9Lo,
11Lo, 14Lo, 15Lo, 15sh, 16sh, 16Lo, 18Lo, 18sh, 20Lo,
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22sh, 25Lo or 26sh. Each monosomic hybrid was lacking in
G. hirsutum chromosome 1,2, 3,4,6,7,9, 10, 12,17, 18, 20,
23 or 25. We also used analogous primary monosomic F;
hybrids G. hirsutum x G. mustelinum that were lacking in
G. hirsutum chromosome 12, 16, 17, 18 or 25; monotelodi-
somic hybrids deficient in most or all of chromosome arms
14Lo, 20sh, 20Lo, 22sh, 22Lo or 26sh; and similar tertiary
monosomic hybrids NTN4-15, NTN16-15, NTN10-19 and
NTN12-19 hybrids, which provided partial coverage of the
indicated chromosomes and chromosome arms. For exam-
ple, the NTN4-15 hybrid is deficient for segments of chro-
mosomes 4 and 15 of TM-1 line, and thus hemizygous for the
corresponding segments of G. mustelinum, but heterozygous
for all other genomic regions. The tertiary monosomics
involve chromosome translocations previously described by
Brown (1980) and Menzel et al. (1985).

Chromosomal locations were also delimited by screen-
ing for the polymorphisms across a set of backcross-
derived (BCs) euploid disomic chromosome substitution
lines, CS-B lines, which are quasi-isogenic to TM-1, except
for the pair of substituted chromosomes or chromosome
arms of G. barbadense (Stelly et al. 2005).

Two of the diploids included in this study were G. her-
baceum and G. raimondii, which are most closely related to
the A~ and Di-genomes (respectively) of the extant AD tet-
raploid species. The African wild cotton, G. longicalyx, was
included in this study because it is a source of extreme
resistance to another root pathogen, the reniform nematode
(Yik and Birchfield 1984; Robinson et al. 2007).

PCR amplification

We used two primers, FC1F (5-AAAAATGGCTTCT
CCTCCA-3') and FC2R (5-AAGGAGAAACAACGC
ACA-3"), from sequences of MIC-3 (Zhang et al. 2002)
to amplify the genomic DNAs of individual plants. The
PCR reaction mixture consisted of 1 pl of genomic DNA
(25 ng), 1 pl each of FC1F and FC2R (5 pM) primers, 1 pl
of ANTPs (2.5 mM each), 5 pl of 10x PCR reaction buffer,
0.25 pl of Taq DNA polymerase (5.0 unit/ul) (Qiagen,
Santa Clarita, CA) and 42.5 pl of distilled water. PCR
reactions were conducted in a Gene Amp PCR System
9700 with an initial denaturation of 94°C for 3 min, fol-
lowed by 35 cycles of 94°C for 1 min, 55°C for 1 min and
72°C for 2 min, and final extension at 72°C for 5 min.
Based on the sequence information of MIC-3 genes from
this experiment, another pair of primers (5-GCGCAA
ATGGAGTGGGTAATGAAT-3' and 5-CAACTTGCTCT
TATCATGTGGGGGTG-3') was used to amplify inter-
genic regions between MIC-3 genes using a MasterAmp ™™
High Fidelity Long PCR kit following the manufacturer’s
method (Epicentre, Madison, WI, USA). Amplification
products of these intergenic regions were visualized by

1.5% agarose (Sigma, USA) gel electrophoresis in 0.5x
TBE buffer and staining with ethidium bromide following
the standard procedures.

Cloning and sequencing

PCR products were excised from the agarose gel and then
purified using the QIAGEN MinElute”" Gel Extraction Kit
(Valencia, CA, USA). All PCR products were cloned into
the TOPO TA cloning vector as per manufacturer’s
instructions (Invitrogen, Carlsbad, CA, USA). Bi-direc-
tional sequencing was conducted at the Genomics and
Bioinformatics Research Unit with standard M13 primers
using an ABI Genetic Analyzer 3730XL (Applied Biosys-
tems, USA) following standard protocols using BigDye 3.1.

Sequence analysis

Sequences were analyzed with SEQUENCHER 4.2 soft-
ware (Gene Codes, USA) and sequences were searched
against NCBI GenBank databases using BLASTN (Altsc-
hul et al. 1997). Multiple alignments were performed using
CLUSTALW (Thompson et al. 1994). The cloned
sequences were grouped into contigs on the basis of at least
three shared SNPs and, where present, distinct insertion/
deletion polymorphisms. A minority of single sequence
reads differed from other clones in the contig at one
nucleotide position; these were treated as the products of
Taq polymerase substitution error.

Phylogenetic analyses and identification of subfamilies

Consensus sequences for each contig (each representing a
distinct haplotype) were used for phylogenetic analyses.
Phylogenetic analysis of genomic DNA sequences was
performed using neighbor-joining (NJ) algorithms with the
Juke and Cantor distance option (Saitou and Nei 1987)
available in the software package MEGA 4.1 (Tamura et al.
2007). The robustness of the phylogenetic trees was evalu-
ated by bootstrapping with 1,000 repetitions. To group
sequences into subfamilies, we first separately constructed
NlJ-trees for MIC-3 gene members from all nine G. hirsutum
genotypes only and classified major subfamilies. Then, an NJ
phylogenetic tree, including all 169 MIC-3 members iden-
tified in all cotton genotypes, was constructed and MIC-3
subfamilies of all Gossypium species were classified on the
basis of subfamilies determined in G. hirsutum genotypes.

SNP marker detection and chromosomal localization
Using a separate phylogenetic and MIC-3 sequence analyses

of two cotton species, TM-1 (a genetic standard line for
G. hirsutum) and 3-79 (a double haploid line for
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G. barbadense), we designed several GSP markers to dis-
tinguish the interspecific genomic polymorphisms. Eight
A-genome- and two D-genome-specific GSP marker primer
pairs were designed to detect sequence polymorphisms
between TM-1 and 3-79 or G. mustelinum because inter-
specific cytogenetic stocks in TM-1 genetic background
were available from these two alien species. These candidate
gene markers were then used for deletion analysis by
screening the cytogenetic stocks including monosomic,
monotelodisomic, CS-B (Stelly et al. 2005), and NTN hybrid
stocks, following the overall strategy of our previous studies
(An et al. 2007, 2008).

The ABI Prism SNaPshot = multiplex kit (Applied Bio-
systems, USA) was used to detect candidate MIC-3 gene
marker polymorphisms following the manufacturer’s pro-
tocol. The excess nucleotides and primers from the amplified
MIC-3 PCR products were first removed by incubating 15 pl
PCR product with 5 units of shrimp alkaline phosphatase
(SAP) enzyme and two units of Exo [ enzyme (Amesrsham,
Cleveland, Ohio) at 37°C for 1 h, followed by 75°C for
15 min. As per SNaPshot multiplex kit protocol, 3 pl of
purified PCR product was mixed with 5 pl of SnaPshot
multiplex ready reaction mix, 1 pl of SNP primer (2 pM),
and 1 pl of distilled water. The thermal cycle reaction was
carried out with 25 cycles at 96°C for 10 s, 50°C for 5 s, and
60°C for 30 s for SNP detection. The PCR product was
diluted after treatment with SAP enzyme as indicated above,
in 1:4 volume with water. As much as 0.5 pl of the diluted
SnaPshot product was mixed with 0.5 pl of size standard LIZ
120 (Applied Biosystems USA) and 9 pl of Hi-Di formam-
ide (Applied Biosystems USA), denatured at 95°C for 5 min
and then run into a 3100x1 Genetic Analyzer (Applied Bio-
systems USA) to detect SNP markers.

Results

Characterization of the MIC-3 gene family
in Gossypium species

Approximately, 150 individual PCR-derived clonal inserts
for MIC-3 gene products were sequenced from each of 15
cotton genotypes. The amplicons from MIC-3 genes of
Gossypium species ranged from 653 to 713 bp, including
653-706-bp amplicon length in all allotetraploid genotypes,
703-713-bp amplicons in G. herbaceum, 653-691-bp
amplicons in G. raimondii, and 706-bp amplicons in
G. longicalyx (Table 1). Multiple sequence alignment cre-
ated a 721-bp MIC-3 full-length consensus genomic sequence
taking all the species into account, and identities of all the
sequences in our results were confirmed with the respective
original gene (Zhang et al. 2002) by BLASTN for each of the
selected Gossypium species. Intronic and exonic parts of the
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MIC-3 genes of Gossypium species were annotated according
to the MIC-3 nucleotide and protein sequence reported by
Zhang et al. 2002. The overall results from multiple sequence
alignment of the genomic sequences from all Gossypium
species demonstrated the sequence identity with an 11-bp
fragment from the non-coding 5'UTR region, two coding
regions of 221-230 bp in exon 1 and one 193-bp fragment in
exon 2, a single noncoding intron region of 65-77 bp and a
noncoding 3’'UTR region of 151-195 bp (Zhang et al. 2002).

Large insertion and deletion (indel) changes were
observed among members of the MIC-3 gene families of all
genotypes studied. For example, all cotton genotypes
studied, except G. herbaceum (A-genome diploid), had the
9-bp D-genome-specific indel in the first exon. A 9-bp
indel was found in A-genome grouped MIC-3 sequences of
G. mustelinum (Table 1). All allotetraploid lineages except
G. hirsutum cv. M8 had two other major indels of 15 and
29 bp in the 3'UTR region. The nucleotide length and
position of the 29-bp indel was the same in G. raimondii,
the most closely related extant D-genome diploid to AD
tetraploids. The 15-bp indel was unique to the allotetra-
ploid genotypes. Results showed that the tetraploid species
had different patterns of indels in the 3'UTR region
including a complex pattern combining the 15- and 29-bp
indels such as (Table 1): three types in G. mustelinum, two
types in G. barbadense 3-79 and two types in G. hirsutum
cv. Golib. G. barbadense 3-79 and G. hirsutum cv. Golib
MIC-3 indel patterns were similar and included an ampli-
con with unique 15-bp indel suggesting the possibility of
introgression between G. barbadense into G. hirsutum. The
15 and 29-bp indels were absent from the 3'UTR of all 12
MIC-3 members in G. hirsutum cv. M8. Wubben et al.
(2008) reported 15 distinct members from the same M8
genotype, suggesting that some MIC-3 members were
missing in our study. The pattern of indels was intriguingly
different between AD- and D-genome cottons versus
G. herbaceum, the extant A-genome species most closely
related to AD lineages. G. herbaceum completely lacks the
9-bp indel found in the first exon of MIC-3 genes of AD-
and D-genome cottons and has a unique 6-bp indel in the
3'UTR region. Moreover, we found 6-12 bp indels in an
intronic region of G. herbaceum MIC-3 amplicon that were
not found in other cotton genotypes studied. These
G. herbaceum-specific indels in the intronic region of
MIC-3 had a signature of a microsatellite repeat pattern of
(AATT),.3. The largest 31-bp indel found in G. raimondii
was also unique. None of the above-mentioned indel
mutations were found in G. longicalyx, a diploid F-genome
representative of African origin (Table 1).

Considering all sequences, the MIC-3 amplicon indel
patterns could preliminarily be grouped into F-, A- and
D-genomic and A and D-genomic groups (Table 1). Fur-
ther detailed sequence analysis suggested that indel
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Table 1 Characteristics of MIC-3 gene family of Gossypium species

Genotype No. of members Amplicon length variation Indel changes Total SNP
Exon 1 Intron 3'UTR

Gh_TM1 10 653 (Dy) 9 - 15, 29 16 (Ay), 21 (DY
706 (A, Dy) - - -

Gh_Sisoline 11 653 (Dy) 9 - 15, 29 16 (Ay), 21 (D
706 (A, Dy - - -

Gh_ST213 11 653 (D) 9 - 15, 29 16 (Ap), 22 (DY
706 (A, Dy) - - -

Gh_M8 12 697 (D) 9 - - 17 (Ay), 20 (DY)
706 (A, D) - - -

Gh_REDM 13 653 (D, 9 - 15, 29 17 (A), 21 (D)
706 (A, Dy) - - -

Gh_Golib 16 653 (Dy) 9 - 15, 29 21 (Ay), 22 (Dy
682 (D) 9 - 15
706 (A, Dy - - -

Gh_Clevewilt 13 653 (DY) 9 - 15, 29 17 (Ay), 21 (Dy)
706 (A, D) - - -

Gh_M240 9 653 (Dy) 9 - 15, 29 16 (Ay), 21 (DY
706 (A, Dy) - - —

Gh_M315 15 653 (Dy) 9 - 15, 29 18 (Ap), 27 (DY
697 (Dy) 9 - -
706 (A, Dy - - -

Gb_3-79 11 653 (D) 9 - 15,29 11 (Ay), 29 (DY
682 (D) 9 - 15
706 (A, D) - -

G. tomentosum 9 653 (D) 9 - 15, 29 10 (Ap), 24 (Dy)
706 (A, Dy) - - —

G. mustelinum 15 653 (Dy) 9 - 15, 29 12 (Ay), 28 (D
668 (A, 9¢ - 29
682 (D) 9 - 15
706 (At, Dy - - -

G. herbaceum 9 703 - 12 6 19 (A)
707 - 8 6
709 - 6 6
713 - 8 -

G. raimondii 4 651 9 - 31 33 (D)
653 9 - 29
691 - - -

G. longicalyx 11 706 - - - 14 (F)

Gh, G. hirsutum; Gb, G. barbadense; A,, A subgenome of the tetraploid cotton species; D,, D subgenome of the tetraploid cotton species; A,
A-genome of G. herbaceum; D, D-genome of G. raimndii; F, F-genome of G. longicalyx

? Note that 9-bp indel in the first exon of A.-genome-specific MIC-3 gene amplicon of G. mustelinum has a triplet upstream shift compared to

other D,-genome-specific indels observed in other genotypes

information alone might not be sufficient to determine
genomic origins of some amplicons. We had one unique case
with two of G. mustelinum MIC-3 amplicons (designated as
MIC-3_14 and MIC-3_15) that had both D-genome-specific
9 and 29-bp indels, suggesting its origin from a putative
D-genome ancestor. Detailed results of sequence analyses

have been summarized in Table 1. The tetraploid genotypes
had 9-15 distinct MIC-3 members in each of 9 G. hirsutum
genotypes, 11 members in G. barbadense 3-79, 9 in
G. tomentosum and 15 members in G. mustelinum (Table 2).
In diploid genomes, there were 9 distinct MIC-3 members in
G. herbaceum, 11 in G. longicalyx and 4 in G. raimondii.
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BLAST results of 150 individual clones from each of 15
cotton genotypes including diploid and tetraploid species
confirmed previous reports (Wubben et al. 2008; Callahan
et al. 2004; Zhang et al. 2002) of no significant homology
of MIC-3 genes with any gene or sequences other than
Gossypium species. The results suggest that the multi-gene
MIC-3 gene family diversified by gene duplication follow-
ing independent modes of evolution within Gossypium
species (Tables 1, 2). More duplication events have occur-
red in the Ai-genome than the D-genome of the tetraploid
species. 169 MIC-3 members could be grouped into 88
distinctive types from 15 Gossypium genotypes based on
sequence comparison (Fig. 1).

Classification of MIC-3 genes into subfamilies
in Gossypium species

A total of 169 MIC-3 gene members were grouped into 17
different subfamilies in the phylogram (Fig. 1); 110 MIC-3
members of G. hirsutum genotypes were grouped intol2
subfamilies, of which subfamilies 1-9 were specific to the
A-genome and 10-12 were specific to the D-genome
(Table 2; Fig. 1). Subfamilies 13 and 14 were specific to G.
herbaceum, subfamily 15 was specific to G. longicalyx, and
subfamilies 16 and 17 were specific to G. raimondii MIC-3
gene family (Fig. S1). All allotetraploid MIC-3 gene mem-
bers, except G. mustelinum-derived member MIC-3_14, were
clustered within 12 subfamilies of G. hirsutum (Figs. 1, 2,
S1). Both G. herbaceum and G. raimondii, the extant diploids
most closely related to AD cottons, had two distinct sub-
families. We also observed some MIC-3 subfamilies to be
species-specific. For example, subfamily 1 was found only in
G. hirsutum, including susceptible isoline (Sisoline), ST213
and Clevewilt; subfamily 8 included sequences from M315
only, and subfamily 11 contained sequences from M8 and
M315 Upland cultivars only (Table 2). This species-specific
pattern could also be due to the small number of representa-
tive members in the overall sample in an individual species.

Haplotypes of MIC-3 sequences from G. hirsutum

To simplify the identification of putative haplotypes, we
used only the sequences of G. hirsutum because it repre-
sented a diverse group of lines in our study. We broadly
divided G. hirsutum (AD) haplotypes into: A-genome and
D,-genome (Tables 3, 4). The sequences of G. hirsutum
closely associated in the phylogram with the sequences of
G. herbaceum were considered putative A,-genome haplo-
types and the haplotypes grouped closely with the sequences
of G. raimondii were considered putative D-genome
haplotypes (Fig. 2). Because of their phylogenetic proxim-
ity to AD species, we used the consensus sequence of
G. herbaceum and G. raimondii as reference sequences in

the tables of haplotype comparisons (Tables 3, 4). Each
broad group was subdivided into several subgroups or
clades, suggesting multiple duplication events of MIC-3
genes during their evolution within each of the subgenomes
of tetraploid cotton. Evidence of duplications was aug-
mented by subsequent discovery of clustering of MIC-3
genes on the same chromosome, as discussed later. Results
showed that collectively the A,-genome had nine putative
loci (haplotype group) with an average of 3.5 alleles or
haplotypes/locus, and the Di-genome consisted of three
putative loci (haplotype groups) with an average of 3.3
putative alleles or haplotypes/locus in G. hirsutum. The
number of haplotypes or putative alleles per putative locus
ranged from two to six in the A,-genome and four to six in the
D-genome (Tables 3, 4). The tetraploid MIC-3 sequences
included 25 SNPs in the A-genome and 26 SNPs in the
D,-genome, all biallelic, except in positions 113 (A, D), 162
(D) and 568 (D). The average length of each SNP in the
Ai-genome was 182.6 bp, and 108.8 bp in the D-genome.

Chromosomal location

Based on a separate phylogram (Fig. 3) and MIC-3 sequence
analyses of TM-1 and 3-79, several GSP markers were
designed to distinguish the interspecific polymorphisms at
the subgenome level between these two lines (Table 5).
These candidate gene markers were used in deletion analysis
with the cytogenetic stocks (Stelly et al. 2005; Gutierrez et al.
2009). Both parental polymorphisms were present in most of
the F; hybrids; however, all eight TM-1 GSP alleles, repre-
senting seven out of eight different A-genome-derived MIC-
3 members of TM-1, were absent in the hypoaneuploid F,
plants that lacked G. hirsutum chromosome-4 (HO4 mono-
somic) or the short arm of chromosome 4 (Te04Lo mo-
notelodisomic) (Table 5). The euploid disomic chromosome
substitution line CS-B04 also lacked the same G. hirsutum
MIC-3 alleles for all of these markers. In contrast, all eight
GSPloci were heterozygous in all other substitution lines and
in the monotelodisomic F, substitution plant (Te04sh) defi-
cient for the long arm of chromosome-4. The results col-
lectively indicated that seven out of eight A-genome MIC-3
members of TM-1 are on the short arm of chromosome 4,
which may suggest a clustered configuration of the MIC-3
genes in the cotton genome (Table 5; Fig. 3).

Although we found several D-genome MIC-3 haplo-
type-specific GSPs between TM-1 and 3-79, they failed to
be polymorphic in deletion analysis and chromosomal
localization experiments. This was due to the existence of
overlapping sites within 3-79 MIC-3 members that limited
our differentiation of GSP polymorphisms or the location
of the marker to chromosomes not associated with any of
the deletion lines of the cytogenetic stocks. Detailed
sequence analysis of G. mustelinum-derived MIC-3
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Fig. 1 Curved neighbor-joining phylogenetic tree derived from the
length and bootstrap values (>50%) are shown
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Fig. 2 Curved neighbor-joining phylogenetic tree derived from the sequences of 110 MIC-3 gene members found in nine genotypes of
G. hirsutum. Branch length, bootstrap values (>50%) and classified subfamilies (1-12) are shown
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Fig. 3 Curved neighbor-joining
phylogenetic tree derived from
the sequences of MIC-3 genes
of G. hirsutum (TM-1),

G. barbadense (Pima 3-79) and
two putative diploid ancestors
of AD cottons. Branch length,
expressed as bootstrap support
values (>50%), chromosomal
positions and genome origin are
shown and color coded for
simplicity

64 , Gh_TM1 (5)
Gh_TM1 (4)
Gh_TM1 (8)
Gh_TM1 (7)
Gb_3-79(3)
Gh_TM1 (1) I
Gb 3-79 (4)
Gb 3-79(1) I
Gb_3-79(2)
Gh_TM1 (3)
Gh_TM1 (2)
Gb_3-79 (5)

Chromosome 4Sh

G. herbaceum (8)
G. herbaceum (B)
G. herbaceum (7)
Gb_3-79 (B)

Gh_TM1 (8)

G. herbaceum (9)
G. herbaceum (2)
G. herbaceum (1)
G. herbaceum (3)
G. herbaceum (4)

G. herbaceum (5)

Gb 3-79(9)

Chromosome 19H

100

00256 0020 0.015

members, however, helped us to design two different GSP
primers (not polymorphic between TM-1 and 3-79), that
were polymorphic between TM-1 and G. mustelinum MIC-
3 gene members, showing the value of utilizing G. mu-
stelinum-derived cytogenetic stocks in deletion analysis
(Table 5). Tertiary monosomic F; interspecific hybrids
NTNI12-19 and NTN10-19 differentially lacked the TM-1
allele specific to this SNP marker, but not the G. musteli-
num allele. The NTN12-19 plant is segmentally deficient in
parts of TM-1 chromosomes 12 and 19, whereas NTN10-
19 is segmentally deficient in parts of the TM-1 chromo-
somes 10 and 19. Together, they delimit one of the
Di-genome MIC-3 member (MIC-3-10) of TM-1 to

0.010

0.005 0.000

chromosome 19. In contrast, primary monosomic inter-
specific hybrids, deficient in G. hirsutum chromosomes 10
and 12, respectively, contained the TM-1 and G. musteli-
num GSP MIC-3 markers. The result indicated that this
D,-genome-derived MIC-3 member is not located in either
of these chromosomes and further supports localization to
chromosome-19. The other hypoaneuploid F; plants that
lacked other chromosomes contained both TM-1 and 3-79
alleles for this specific SNP marker. Although a primary
monosomic for chromosome-19 is not yet available for
G. hirsutum, the collective results, nevertheless, clearly
indicate that this D-genome MIC-3 member is located on
chromosome 19 of G. hirsutum (Table 5).
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Table 5 Candidate gene (polymorphic between TM-1 parent with 3-79 and G. mustelinum parent, respectively) primers for MIC-3 genes of TM-

1 showing their chromosomal locations

No. Primer GSP primer (5'-3") TM1/3-79/ Alleles Chromosomal Genome
name G. mustelinum location
1 MIC3-87° CCTTGCGAGCTTGATGTATTCGAA A/T/T T™MI1_6, TM1_7 4 short A¢
2 MIC3-118 GCGCAAATGGAGTGGGTAATGAAT T/G/G TMI1_6, TM1_7 4 short A,
3 MIC3-190 CGGAGGCCTGGTGTATGATGTT T/G/G TMI1_6, TM1_7 4 short A
4 MIC3-102 TTCGAATTACCAAGGTGCTCC A/CIG/IG TM1_4, TM1_5, TM1_8 4 short A
5 MIC3-331 GGTGGCTACTAAGATCATTCCGA T/C/C T™1_8 4 short A,
6 MIC3-383 GAGCATCCTTCAGCCCTACGA C/T/T TM1_4, TM1_5, TM1_6, TM1_7 4 short A,
7 MIC3-418 CAACTTGCCCTTATCATGTGGGGGTG T/C/C T™1_8 4 short A
8 MIC3-517 GGATGGAGCAATATATGATG A/G/IG T™MI1_1, TM1_3 4 short A,
9®*  MIC3-222 GTTAGGGTGAAGTGGATTAT T/T/C TM_10 19 D,
10° MIC3-551 CACAGCATAAACCGATAGAGAT T/T/G TM_10 19 D,

? Number in primer names refers to genome-specific polymorphism (GSP) positions in the multiple sequence alignment of MIC-3 genes of

Gossypium species

° These two primers were designed from the same haplotype or putative locus

Confirmation of A-genome MIC-3 clustering

To confirm the clustering of MIC-3 genes on the short arm
of chromosome four, we utilized forward and reverse pri-
mer pairs from the conserved open reading frame of the A.-
genome to amplify the intergenic regions of the clustered
genes using genomic DNA as a template (Fig. 4). A PCR
product was expected if MIC-3 genes were located closely
side by side; otherwise the specific designed primer pair
should not generate an amplicon of any type. Interestingly,
TM-1 yielded a very strong polymorphic band of 3 kb and a
weak monomorphic band of 5 kb. The 3-kb band size is

Fig. 4 Agarose gel showing the amplified fragments used to test
chromosomal localization of intergenic regions of MIC3 gene cluster.
Lanes in the gel from left to right: M1 marker A Hind 11I/¢pX- Hae III,
M2 1 kb marker, I G. herbaceum A-genome, 2 G. raimondii Ds-
genome, 3 G. hirsutum L var. TM1, 4 G. barbadense L var. 3-79, 5 F,
(TM1x3-79), 6 F1 (TMI1x3-79) monosomic for chromosome-4
(lacking TM-1 chromosome-4), 7 F1 (TM1x3-79) monotelodisomic
Te04Lo that lacks all or most of the short arm of chromosome-4 (arm
4sh), 8 F; (TM1x3-79) monotelodisomic Te04sh that lacks all or most
of the long arm of chromosome-4 (arm 4Lo)
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similar to that of G. herbaceum, suggesting that this inter-
genic region of the tetraploid cotton descends from an
A-genome diploid ancestral species. The 5-kb bands of
TM-1 (weak) and 3-79 (strong) were of similar size as the
G. raimondii band, suggesting that they originated from
an ancestral D-genome, similar to that of G. raimondii.
G. barbadense L. 3-79 has one strong band of 5 Kb in size,
similar to the band of G. raimondii, a relative of the putative
D-genome diploid ancestral species. Results also suggested
that intergenic regions were almost of the same sizes.

In the deletion analysis, results showed that the poly-
morphic 3-kb TM-1 band was absent from two interspecific
F; hypoaneuploid plants, the monosomic (H04) missing
TM-1 chromosome-4 and also the monotelodisomic
(Te04Lo) F; plant deficient in TM-1 chromosome arm 4sh.
In contrast, the TM-1 3-kb band was differentially present
in the monotelodisomic (Te04sh) hybrid deficient in TM-1
chromosome arm 4Lo, as well as in all other monosomic
and monotelodisomic plants, which showed typical F,
heterozygous banding patterns including both 3 and 5-kb
fragments. The results indicate that all of the MIC-3 gene
family members specific to A-genome are located on the
short arm of chromosome four (4sh), and the putative
origin of this amplicon from the A-genome diploid
ancestral species of G. herbaceum. The association of the
3-kb amplicon of intergene region with chromosome arm
4sh is congruent with the localization of nine A.-genome
MIC-3 SNP markers specific to the same arm.

It was not possible to localize the 5-kb size band of D-
genome MIC-3 intergenic region using the aneuploid
cytogenetic set of 3-79 because of the monomorphic phe-
notype of this band between TM-1 and 3-79. However, one
can assume that it would only be possible to amplify the
D¢-subgenome MIC-3 intergenic region with the specially
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designed primer pair, if MIC-3 D, subgenome members of
approximately 721-bp sizes are clustered on a chromo-
some. Furthermore, the similarity with the 5-kb size band
of G. raimondii in gel analysis suggested the origin of this
band from the putative diploid D,-subgenome ancestral
species of G. raimondii, thereby indirectly supporting the
clustering of these gene members.

Discussion

Although clustering of genes is well known and has been
reported in other crops, this is to our knowledge the first
evidence of such clustering of a major pest (RKN) resis-
tance gene family in the cotton genome. SNP-based char-
acterization of the RKN-resistance MIC-3 gene family
revealed the existence of islands containing clustered MIC-
3 genes. These findings are significant because the MIC-3
genes have several unique and desirable features. Based
on sequence analysis of diploid and tetraploid cotton spe-
cies, MIC-3 is unique and expressed only in cotton root
(Wubben et al. 2008; Zhang et al. 2002). The function(s) of
MIC-3 is unknown (Wubben et al. 2008; Callahan et al.
2004; Zhang et al. 2002). As a small gene (721 bp) with
only two exons, MIC-3 should be amenable to genetic
manipulation at the molecular level. The clustering feature
of MIC-3 genes may have broader evolutionary signifi-
cance with the possibility of allowing MIC-3 genes to
recombine, creating new variants in response to ever-
evolving RKN, provided that MIC-3 genes have a role
against RKN infection. Positive correlation of MIC-3 pro-
tein accumulation with RKN resistance in selected cotton
lines is a recent discovery (Wubben et al. 2008; Callahan
et al. 2004; Zhang et al. 2002).

The intralocus and interlocus duplication mechanism in
MIC-3 genes offers a possible model for studying the ori-
gin, evolution and genetics of gene duplication. Gene
duplications are one of the major driving forces in the
evolution of genomes and genetic systems. In higher
plants, a very high percentage of the genome is made of
duplicated segments including 80% in the Arabidopsis
genome and 77% in the rice genome (Hu and Wise 2008).
Our results suggest that multiple duplication events
occurred before polyploidization in MIC-3 in several dip-
loid cotton species. Previous investigations have revealed
gene duplication events affecting many low-copy genes in
the cotton genome (Pfeil et al. 2004; Udall et al. 2006;
Adams and Wendel 2005; An et al. 2008). Hovav et al.
(2008) reported that duplicated genes provided temporal
partitioning of gene expression in fiber development in
tetraploid cotton. Pfeil et al. (2004) reported that early
polyploidy events were not the only cause of gene dupli-
cation in the cotton genome. Our results also indicate the

occurrence of independent duplications in MIC-3 genes in
diploid and tetraploid cotton species and in A and D
genomes of tetraploid cotton. A previous study reported
that the tandem duplications that have occurred in the
Brassica lineage did so before the divergence of B. rapa
and B. oleracea, but after the separation of Brassica and
Arabidopsis from a common ancestor (Mayerhofer et al.
2005).

SNPs are highly abundant and efficient diagnostic
markers for candidate gene manipulation. Efficient SNP
marker discovery must include ways to distinguish dif-
ferences between paralogous and orthologous loci across
genotypes. It is difficult to identify haplotypes that can
distinguish allelic differences at a single locus in polyploid
species especially considering multiple duplication events
both in inter- and intrachromosomal regions, such as in
MIC-3 genes. We used a specific strategy based on the
overall methods of our previous studies with other low
copy genes to identify haplotypes in tetraploid cotton
(An et al. 2007, 2008). We analyzed the sequences
from G. hirsutum using the NJ cluster analysis method.
Sequences of G. hirsutum from an individual clade of the
phylogenetic tree were aligned and compared to detect
putative SNPs. The unique combinations of SNPs in a
sequence within a clade of the phylogram were considered
as haplotypes.

The discovery of putative haplotypes of MIC-3 gene
family helped to identify the variants for detecting indi-
vidual MIC-3 gene family members, and thus to determine
if individual MIC-3 gene members have specific functional
roles in the response of cotton against root diseases. The
main evolutionary forces contributing to formation of
haplotype blocks include selection, recombination, muta-
tion and population structure. Significant differences exist
in the haplotype blocks and number between A and D-
genomes of G. hirsutum (Tables 3, 4), suggesting different
patterns of evolution at the subgenomes following poly-
ploidization in the tetraploid cotton. Previous studies
reported a rapid evolution of R (resistance) genes by the
high degree of haplotype diversity within a species, as
shown in sequence analyses of RPS2 and Rpml alleles
from different ecotypes of Arabidopsis thaliana (Caicedo
et al. 1999; Stahl et al. 1999).

Clustering

There are many resistance (R) genes in plant hosts and
some confer a unique specificity to various pathogen iso-
lates (Deyoung and Innes 2006). Many of these R genes are
physically clustered as complex loci that exhibit gene-
family specificities (Baumgarten et al. 2003; Wei et al.
1999; Parniske et al. 1999). Results revealed that putative
A-genome MIC-3 members cluster to chromosome arm
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4sh, and D-genome member to chromosome 19 in tetra-
ploid cotton. PCR amplification of intergenic regions of
multiple sizes from the MIC-3 gene indicates that many of
these genes are very closely linked, both physically and
recombinationally. The pattern of relationship among MIC-
3 sequences, coupled with the clustering evidence, sug-
gested that the intrachromosomal duplication was at a
small scale, e.g., segmental or single gene, rather than
genome-wide.

Other disease resistance genes also cluster to linked
genomic locations in other plant species (Baumgarten et al.
2003; Parniske et al. 1999; Wei et al. 1999). For example,
Baumgarten et al. (2003) found that 81.1% of nucleotide-
binding site, leucine-rich repeat (NBS-LRR) duplication
events resulted in gene copies on the same chromosome in
Arabidopsis thaliana. Parniske et al. (1999) reported that
the majority of members of a resistance gene family Cf-9 of
the pathogen Cladosporium fulvum were located on the
short arm of chromosome 1 in tomato. Milligan et al.
(1998) reported that Prf and Mi-1.2 genes in tomato share
several structural motifs, including an NBS-LRR region,
which are characteristic of a plant protein family required
for resistance against viruses, bacteria, fungi and nema-
todes. The MIC-3 gene family members are among the
clustered gene families that are not directly associated with
any specific motif or NBS-LRR-like domain of other plant
species. Plant proteins belonging to the NBS-LRR family
are normally used for pathogen detection and some NBS-
LRR proteins directly bind with pathogen proteins (De-
young and Innes 2006). Although there is no report that the
MIC-3 gene family has direct connection with any other
RKN resistance genes, previous studies have revealed that
MIC-3 genes are intimately involved in the resistance
response against RKN in cotton (Wubben et al. 2008;
Callahan et al. 2004; Zhang et al. 2002).

Williums and Bowles (2004) suggested that genes
involved in a specific metabolic pathway that needs coor-
dinated regulation are found to be clustered in some higher
eukaryotes. Wisser et al. (2005) reported that genes
implicated in defense often show altered expression in
response to pathogen challenge in rice and found several
defense-associated genes belonging to common biosyn-
thetic pathway clustered in a segment of a chromosome.
Lee and Sonnhammer (2003) reported that the orientation
of gene pairs in clustered genes played a significant role in
the coexpression of neighboring genes in Arabidopsis. The
balance between diversification and conservation within
the HCR9 gene family is accommodated by the physical
distribution of clustered sequences and exploitation of the
standard recombination machinery (Song et al. 1997).
Identification of MIC-3 variants provides a tool for the
study of whether any MIC-3 members have biological roles
like other clustered resistant genes in plant species.
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The clustering of MIC-3 genes associated with resis-
tance has several other generic biological implications. The
duplication events of MIC-3 genes provided a mechanism
against the loss of this gene in evolution and created some
unique avenues by clustering, so that large variants of the
MIC-3 gene family can be recovered from small physical
areas by recombination. This could provide a buffer against
selection pressure from a broad range of pest and patho-
gens in the future and may have played a role in the evo-
lutionary dynamics of MIC-3 genes after their origin in
cotton. Clustering, duplicated events and changes in MIC-3
genes may provide the potential needed for the evolution of
MIC-3 members to function like a PR gene family, as
suggested by Wubben et al. (2008), with the potential
against a broad range of pests or pathogens.

The results of this study showed that the locations of the
MIC-3 genes were not on the homologous chromosomes of
the A, and D, genomes in tetraploid cotton. Chromosome
19 (Di-genome) is homologous to chromosome 5 (A
genome), and chromosome 4 (A, subgenome) is homolo-
gous to chromosome 22 (D¢-subgenome) in tetraploid
cotton (ADy). Recently, Guo et al. (2007) reported the
evidence of significant similarities among these four
chromosomes in molecular maps, suggesting that signifi-
cant resemblance exists between chromosome 4 and 19
where the MIC-3 genes are located. Partial homology of
these chromosomes is suggested by cytogenetic and link-
age mapping evidence of an ancestral genome translocation
that rearranged chromosomes 4 and 5 of the tetraploids
relative to the ancestral A- and D-genomes (Menzel and
Brown 1954). Positions of redundant molecular markers
have more recently revealed that chromosomes 4 and 5 are
collectively, but not wholly, homologous to chromosomes
19 and 22 (Gutierrez et al. 2009; Guo et al. 2007).

Recently, Ynturi et al. (2006) reported the chromosomal
locations of two RKN resistance loci, one on the long arm
of chromosome 11 and one on the short arm of chromo-
some 14 in cotton. Our results showed that MIC-3 is not
directly associated with either of these two chromosomes.
Accordingly, it can be hypothesized that other genes are
also involved in RKN resistance; that MIC-3 is a regulatory
gene family with indirect effect on RKN resistance genes
or that MIC-3 is related with some unknown function of
broad spectrum resistance genes that are highly expressed
in infected resistant lines. We have cloned and sequenced
the intergenic regions and are currently studying the
upstream regulatory regions of MIC-3 genes to understand
the molecular mechanism on the regulation of MIC-3
genes.

Wubben et al. (2008) suggested that cotton resistance to
RKN involves novel defense signaling pathways and that
MIC-3 genes represent a group of root-specific defense-
related genes in cotton. They observed in a study of cDNA
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abundance that MIC expression was not induced by
wounding or by reniform nematode infection during a
compatible interaction. MIC-3 expression was also unde-
tectable in leaves undergoing a hypersensitive response to
Xanthomonas campestris infection in cotton. Their exper-
iments with expression levels of other known defense
genes (PRI0, ERF5, CDNS, LOXI, POD4, PODS) in
resistant and susceptible cotton roots demonstrated that
RKN infection specifically increased the induction of
MIC-3 in resistant roots and not other common defense
signaling pathways. It has been reported that activity levels
of the enzymes, phenylalanine ammonia-lyase and anionic
peroxidase, which are induced early in the resistance
response to many pathogens, also increase in a resistant
tomato line after nematode infection (Brueske 1980;
Zacheo et al. 1993).

Cotton is a major crop in diverse ecological conditions
including parts of the African tropics, Australia, China,
Egypt, India, Mexico, Pakistan, the Sudan, former Soviet
Union countries (including Uzbekistan), the USA and
warmer regions of Central and South America. Root dis-
eases and pests including RKN have always been major
problems in cotton growing areas. Given the devastating
potential of RKN disease in cotton, the exclusive occur-
rence of MIC-3 genes among the diploid and tetraploid
cotton species and their involvement in the resistance
response with a group of root-specific genes (Wubben et al.
2008), it can be postulated that the ancestral MIC-3 gene
evolved due to a serious root pest or disease similar to
RKN in an early period of cotton evolution and these genes
were maintained in the genome as the guardian of Gossy-
pium species with unique features of gene duplication and
clustering to buffer against evolving cotton root pathogens
and pests.

Success in the breeding program for RKN will depend
on the identification of useful resistance sources and
understanding the inheritance of resistance. BLAST results
of MIC-3 sequences from the diploid and tetraploid cotton
species in our research confirmed the uniqueness of the
MIC3 gene that has only been found to be expressed in
cotton roots (Wubben et al. 2008). We detected: (1) SNP
markers and haplotypes associated with the MIC-3 gene
family; (2) the first molecular evidence for the clustering of
genes associated with a major pest resistance response in
cotton; and (3) the chromosomal locations of the MIC-3
gene family. MIC-3-derived candidate gene markers should
be very useful in future molecular mapping, functional
gene analysis and marker-assisted selection: an important
endeavor considering the economic impact of RKN dis-
eases on cotton.
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